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with a series of small bedrock islands in its centre (Charlet et al., 2008) . The lake has a surface area of 164 km² and a maximum depth of 123 m, and is located in a Tertiary valley over-deepened by Quaternary glacial advances (Campos et al., 1989) . The watershed of the lake covers 1267 km² and is composed of Quaternary volcanic rocks that are generally buried under several meters of post-glacial andosoils (i.e., Trumaos) (Laugenie, 1982; Bertrand and Fagel, 2008) . Several active volcanoes surround the lake: the Antillanca and Puyehue-Cordón de Caulle volcanic complexes eastward, and the Osorno volcano to the South (Fig. 1) . The eastern part of the lake watershed belongs to a natural park (the Parque Nacional Puyehue) that is virtually free of anthropogenic influence. The population is concentrated in small lowly-populated villages along the southern shore of the lake. The whole region is dominated by westerly winds and the lake is fed by Rio Golgol to the East and by several smaller rivers (Fig. 1) . Its outlet, i.e., Rio Pilmaiquen, merges with Rio Bueno and flows into the Pacific westward. Since 1944, Rio Pilmaiquen has been damned by a hydro-electric station 6 km downstream of Lago Puyehue (Laugenie, 1982) . The lake is monomictic, with stratification in summer and mixing during the winter months (Campos et al., 1989) . . The sampling site was selected with the aid of a Lowrance X-16 sonar and sediment cores were obtained by divers using 1 m long Plexiglass tubes with an inner diameter of 5.8 cm. The sediment cores were then capped, sealed and stored at 4 ºC until analysis. For this work, one of the cores has been sampled in 1 cm thick slices. The core is 60 cm long and is composed of dark silty mud containing less than 5% of sand particles . The sediment is dominated by detrital minerals (clays, plagioclase and quartz) with only a few diatoms (biogenic silica ~3-4%). Microscopically, the sediment is homogeneous without any laminations.
In Lago Puyehue, the selection of the coring site is based on high-resolution seismic profiles obtained in February 2002 (Charlet et al., 2008 . Site PU-II is located on a subaquatic moraine ridge at 48.4 m depth in the southern part of the lake (Fig. 1) . The site is under the influence of interflows from the Golgol river. At PU-II site, five short cores were taken using a Uwitec short gravity coring device. For this paper, core PU-II-P4 has been opened described and sampled every 1 cm. Organic geochemistry was measured on parallel core PU-II-P5. Macroscopically, sediment core PU-II-P4 is composed of homogeneous to finely laminated silty sediments, and contains a few tephra layers. The core contains two fine green layers representing the in-situ alteration of pumices at 4.0-4.5 cm and at 8.5-9.0 cm, and two sandy tephra layers at 12.0-12.5 cm and 42.0-42.2 cm (Bertrand et al., 2005 . Microscopic observations reveal the occurrence of annually laminated sediments composed of an alternation of terrigenous clays and diatomaceous clays, except for a massive layer between 3.5 and 6 cm (Boës and Fagel, 2008) .
In addition to the sediment cores, soil and river sediment samples were collected in the watersheds of both lakes. In the watershed of LCSP, we sampled two soil profiles, as well as the sediment of the only river flowing into the lake (Fig. 1 ). In the watershed of Lago Puyehue, we collected 21 river sediment samples and 12 soil sediment samples from two distinct profiles. The results obtained on these samples are detailed in Bertrand et al. (in press ). In both cases, the samples have been sieved at 105 μm and the fine fraction of the sediment has been analyzed for bulk organic geochemistry according to the methods described hereafter. Some of these samples have also been analyzed for lead isotopes (see Tables 3a and 3b , online supporting information).
Chronology
The age-depth model of LCSP sediment core (Fig. 2) is based on 210 Pb concentrations (Chirinos et al., 2005a) . Ages have been estimated using the constant rate of supply model (CRS) and are listed in Table 2a (online supporting information).
The oldest available 210 Pb date corresponds to AD 1880 ± 26 years, at a depth of 18 cm.
Here, we focus on the upper 20 cm of the sediment core, which represents the last ∼150
years. Low sedimentation rates have been calculated between 14 and 18 cm (as low as 0.04 mm/yr), and the highest sedimentation rates occur at 9-10 cm (1.5 mm/yr, AD [1976] [1977] .
For the sediments of PU-II coring site, the age-depth model (Fig. 2) is based on varve-counting results obtained on parallel core PU-II-P5 (Boës and Fagel, 2008) . They are in agreement with radionuclide profiles ( 210 sediment core, which covers the last ∼150 years (1833-1842 AD at 21.5 cm).
Sedimentation rates vary from 0.7 to 1.7 mm/year (Table 2b , online supporting information). Chirinos et al., 2005b) . For sediment core PU-II-P4, total Ti concentrations were determined by XRF on fused glass beads, with an accuracy of 3 % (Bertrand et al., 2005) and total Pb was estimated by MC-ICP-MS (accuracy: 10%).
Methods

Bulk organic geochemistry
For Pb isotopes, ~500 mg of sediment was heated at 550°C overnight to volatilize organic matter. The weight loss-on-ignition at 550°C ranges between 13 to 16% for LCSP sediments (Chirinos, 2005) and vary between 1.5 and 11% for PU-II-P4
sediments (Bertrand et al., 2005) . The samples (~50 mg for LCSP and 100 mg for PU- and placed on a hot plate (110°C) for 3 days. The solution was then evaporated to dryness, re-dissolved in HCl, re-evaporated and finally dissolved in 0.8N HBr. Lead (Pb) was chemically extracted using an AG1-X8 anionic resin loaded in a 2 ml column in an HBr environment (Manhès et al., 1978) . Pb isotopes were measured using a Nu- Galer and Abouchami (1998) , and with the MC-ICP-MS values of Weis et al. (2006) . These values are also in agreement with TIMS triple-spike values previously published by Galer and Abouchami (1998) . Although the NBS981 standard results were within error of the triple-spike values after online correction for instrumental mass bias by Tl addition, the results were further corrected by the sample-standard bracketing method (as described by White et al. (2000) and Weis et al. (2006) ) to circumvent any instrumental drift during the analytical session. Duplicates of the entire analytical procedure (n = 7) are reported in Table 3 (online supporting information), and all fall within error bars. The TOC and TON profiles of LCSP are roughly parallel, with the TOC and TON values ranging from 3.1 to 5.0 % and 0.3 to 0.5 %, respectively (Fig. 3a) . The C/N atomic ratio varies from 11.2 to 15.2. The carbon and nitrogen isotopic values range from -22.8 to -27.6 ‰ and 2.7 to 4.6 ‰, respectively. Two significant changes are observed in all the variables at around 5 cm and 14 cm depth (Fig. 3a) . The samples collected in the lake watershed show values typical for terrestrial organic matter (C/N:
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16.5 ± 1.0; δ 13 C: -25.8 ± 0.9; δ 15 N: 7.6 ± 2.5), with no significant difference between the river sediment sample and the soil samples (Table 1a, The TOC and TON profiles of the upper 22 cm of PU-II-P5 sediment core are roughly parallel (Fig. 3b) , with particularly low values at 13.5 cm, which are due to the occurrence of a tephra layer (Bertrand et al., 2005) . The lake sediments (excluding the tephra layer) are characterized by TOC and TON values ranging from 1.9 to 3.6 %, and 0.3 to 0.2 %, respectively, and slightly decreasing towards the bottom of the core. The C/N ratio and the δ Pb ratios occur in the upper sediment section. The change is
gradual. It appears within the upper 3 cm, i.e., since at least 1976 AD (Fig. 5) . Again, duplicates (n=5, online supporting information table 3a) confirmed the observed isotopic trend.
Discussion
Sources of organic matter and land-use changes over the last 150 years
Here, we use the bulk organic geochemical data obtained on the sedimentary organic matter of LCSP and PU-II-P5 to reconstruct the variations in the main sources of organic carbon during the last 150 years. In lake systems, terrestrial plants and lake plankton generally have very similar δ 13 C values (-25 to -30 ‰ for lake plankton, -22 to -30 ‰ for C3 terrestrial plants) but significantly distinct C/N atomic ratios (Meyers and Teranes, 2001) . Therefore, our interpretation in terms of sources of sedimentary organic matter is primary based on the carbon to nitrogen ratio data.
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In LCSP, the lake sedimentary organic matter represents a mixture of terrestrial organic matter (C/N: 16.5 ± 1.0) and lake plankton (C/N generally between 6 and 10, Meyers and Terranes, 2001) . Shifts towards higher C/N ratios are interpreted as a higher supply of terrestrial organic matter and/or lower lake productivity and vice versa. At LCSP, the measured C/N atomic ratios and isotopic values display significant and concomitant shifts, evidencing a variable contribution of lake versus terrestrial organic matter during the last ~150 years. In the deepest part of the core The significant increase in the supply of terrestrial organic matter to LCSP at around 1953 is strikingly consistent with a rapid increase in the total mass accumulation rate of sediment in the same core (Chirinos et al., 2005a) and in another core from the same lake ). In addition, Urrutia et al. (2000b) became intensive in the mid 20 th century Urrutia et al., 2000b . In 1943, the native forest still occupied 70% of the watershed area and no area had been left deforested . directly recorded in the lake sediments (i.e., no increase in C/N), although it acted a sink for nutrients, resulting in the actual apparent oligotrophication of the lake.
Lago Puyehue
The sedimentary organic matter of core PU-II-P4 is composed of a mixture of terrestrial and aquatic end-members that are characterized by average C/N atomic ratios of 13.7 (river sediment), 14.6 (soils and paleosoils), and 8.5 (lake plankton), respectively (Bertrand et al, in press ). By contrast with the sediments of LCSP, the sediments of Lago Puyehue show rather stable C/N and δ 13 C values during the last 150 years (Fig. 3) , ranging around 13.4 and 28.4 ‰, respectively. No significant trend is observed and the only excursions of the C/N ratio occur at 8-9 and 13-14 cm, in relation with a clay layer (weathered pumices) and a sandy tephra layer, respectively. Because of the remote location of Lago Puyehue and its situation within a national park, anthropogenic impacts in the lake watershed are very minor, and do not affect the soil erosion and the terrestrial runoff. Neither can they modify the lake trophic conditions. Therefore, the composition of the bulk sedimentary organic matter in Lago Puyehue reflects the natural supply and export production of terrestrial and aquatic organic matter. Changes in its composition over longer timescales are driven by natural variations in lake productivity, resulting from natural changes in the supply of nutrients to the lake (Bertrand et al., 2005) . The sediments of Lago Puyehue are therefore a good archive of paleoclimate changes over the last millennia (Bertrand et al., 2005) and even since the Last Glacial Maximum (Bertrand et al., in press ), but do no contain any evidence of anthropogenic impact.
Sedimentary Pb isotopes: a record of human activities over the last 150 years
Stable Pb isotopes in lake sediments are widely used in environmental studies as tracers of historical pollution (e.g., Bränvall et al., 1997; Arnaud et al., 2004; Vermillon et al., 2005; Couillard et al., 2008) . Lead pollution in lake sediments can be traced using two distinct methods. The first one, generally less accurate than the second, uses lead concentrations. The second method, using lead stable isotopes, is much more precise, and generally allows to trace the sources of lead. Here, we compare estimates calculated by both methods.
Estimation of anthropogenic lead using Pb concentrations
Lead concentrations in sediments (Pb sample ) integrate both the natural Pb associated with the sediment matrix, and the Pb supplied from atmospheric pollution.
Therefore, the easiest method to estimate the anthropogenic fraction of Pb (Pb anthropogenic ) in lake sediments is by subtracting the natural Pb concentration from the sample concentration (Fig. 4) . To take into account the variations of Pb concentration related to change in sediment composition (i.e., dilution effect), the natural Pb fraction is estimated for each sample by using the sample concentration of a naturally-derived conservative element (Arnaud et al., 2004) . Assuming that the natural Pb/Ti ratio is constant in the whole core, the anthropogenic Pb concentration is calculated following equation (1):
where Pb/Ti natural is the Pb/Ti ratio measured in pre-anthropogenic sediments.
The assumption that the Pb/Ti natural ratio of pre-anthropogenic sediments is constant in the whole core is usually valid for lakes with catchments characterized by a relatively small size (like for LCSP) and/or by a simple and homogeneous geology (like for both lakes: metamorphic rocks in LCSP, dominant volcanic andesitic or basaltic rocks in Puyehue).
In order to compare distant records, anthropogenic Pb fluxes are generally more appropriate than concentrations (Arnaud et al., 2004) . Therefore, we calculated the flux of bulk (F bulk ) and anthropogenic (F anthropogenic ) lead using the concentration data, the dry density D (g/cm 3 ) and the sediment accumulation rate SAR (cm/yr) estimated from the respective age models:
F anthropogenic = F bulk * %Pb anthropogenic (3)
For PU-II-P4 sediment samples, the total Pb concentrations are low and vary around 8 ppm (standard deviation: 2 ppm), with slightly higher values after 1962 (Fig. 4) . This value is close to the natural background Pb concentrations (7 ppm) in the regional andosoils (Deraymaeker, 2003) . The calculated Pb anthropogenic reaches its maximum (5 ppm) in the sample corresponding to year 1976, where it represents more than 40% of the total Pb (Fig. 4) . It corresponds to the highest anthropogenic flux (1.0 mg/m 2 /yr).
In LCSP sediments, the total lead concentration increases from 40 ppm in the pre-industrial samples (before 1965) up to a maximum of 58 ppm in the sample corresponding to year 1974 (Fig. 4) . where it represents up to 30% of the total Pb.
In both lakes, we evidence a peak in Pb concentration in 1974-1976 (Fig. 4) .
Taking into account the error in age model and the sampling resolution, it corresponds to a synchronous change despite the contrasted environments of the two lake settings. Such change underlines the global character of the Pb contamination in 
Estimation of anthropogenic lead using Pb stable isotopes
The anthropogenic lead content can similarly be calculated using lead stable isotopes, with the main advantage that we can now discuss the possible sources of (Fig. 6b) . The shift seems to start earlier in the sediments of LCSP than in those of Lago Puyehue, (i.e., between 1969 and 1976 and between 1976 and 1990, respectively) , although this might be affected by the relatively low sampling resolution. These trends evidence a supply of anthropogenic Pb than can be estimated using Pb isotopes after identification of the isotopic signatures of the natural and anthropogenic sources. In both lakes, the lead isotopic compositions ( 
c. Estimation of natural vs. anthropogenic lead contribution using Pb isotopes
Assuming that the lead isotopic composition of each sample is a mixture of only two sources, i.e., natural lead derived from soil and rocks from the catchment (IS natural ) and anthropogenic lead (IS anthropogenic ), we can estimate the relative contribution of natural and anthropogenic lead using a simple binary mixing model (equation 4 -e.g., Renberg et al., 2002) :
IS sample = α * IS anthropogenic + β * IS natural , with α + β = 1
The end-members used in our calculation and the calculated mixing-lines are reported on figure 6b. In the region of Puyehue the contribution of anthropogenic Pb always remains lower than 5% during the last 150 years (Fig. 6 ). This low environmental contamination level persists during the late decade. At LCSP, the fraction of antropogenic Pb significantly increases during the recent years ( Fig. 6) , from less than 5% between 1945 and 1994, to 10% in 1998 and even 20% in 2002 ( Fig. 6b) . Although several studies suggest that the main process of anthropogenic lead incorporation into lake systems is direct atmospheric deposition (Dillon and Evans, 1982; Blais and Kalff, 1993) , others show that pollutants previously deposited in lake catchments also contribute significantly to the global supply of Pb to lake sediments (Miller and Friedland, 1994) . These studies however show that the anthropogenic lead, mainly deposited in lake catchments after 1960, will not be released to upland streams before the middle of the next century (Miller and Friedland, 1994) , and has therefore no influence on the lake sedimentary records of Pb pollution. In addition, the recent increase in anthropogenic lead at LCSP can only represent a direct atmospheric supply since the reforestation of the LCSP watershed has stabilized soils and reduced the sediment supply to the lake. Keeping in mind that small variations in concentration may be difficult to interpret (Bränvall et al., 2001) , we consider that the anthropogenic estimates using Pb concentrations fit noticeably well with our Pb isotopic approach.
Although the estimates using Pb concentrations are constantly higher than the estimates using Pb isotopes, both methods show an increased anthropogenic lead supply for the last 30 years, which is much more distinct in the region of Concepción than around Puyehue.
Summary and conclusion
We used a geochemical approach combining elemental and isotopic carbon, In (a), the error bars cumulate errors associated with the geochemical analysis of Pb (± 10% for PU-II-P4, ± 16% for LCSP) and Ti (3% for PU-II-P4 and 1.5% for LCSP).
In (b), the error bars cumulate the errors on anthropogenic lead concentrations, sediment accumulation rates and density. See online supporting information for data. For data and/or references see tables 3a and 3b (online supporting information).
